Introduction
e phenomenal increase in the storage capacity of magnetic hard disk drives (HDD) in recent decades has been fueled not only by clever improvements in the engineering of tiny devices but also by discovery, and advances in understanding of fundamental physical phenomena associated with magnetism at the nanometer length scales. years. Subsequent increases in AD were largely due to fundamental changes in the three main magnetic components of the hard drive: e recording media, the write element of the transducer, and the read element of the transducer.
2) ese three components interact and govern an important characteristic of information storage and retrieval in the HDD, namely the magnetic signal to noise ratio (SNR). 3) e growth in CAGR from 40 to 60 to 100% which began in the mid 1990s and spanned the following several years was only partly due to these advances in the transducer read element (Fig. 2) . Signi cant improvements in the write element, and even more importantly in the recording 
Perpendicular Recording
By changing sputtering conditions and substrates, the crystallographic c-axis, and hence easy magnetic axis, of Co-based thin lms can be changed from in-plane to out-of-plane.
ere are four principal bene ts which result from aligning bit magnetic moments perpendicular to the lm plane compared to the longitudinal con guration (Fig. 3 ). e biggest advantage comes from the fact that the write eld vector should be mainly directed perpendicular to the media plane.
is is in contrast to longitudinal recording where the desirable large parallel component is achieved by having a gap between pole pieces with the eld fringing out into the media, as in Fig. 3 . e eld strength inside the write gap is about twice as large as the fringe elds in the media some 15 nm away. In perpendicular recording, the media is e ectively in the write gap so that much larger elds are possible.
is is achieved by adding a magnetically so layer below the hard recording layer in the media. e disk then becomes part of the write element, as illustrated in Fig. 3 . A large write eld allows for smaller media grains and thus smaller bits to maintain SNR and thermal stability. In addition to this substantial bene t, the magnetostatic eld arising from neighboring bits in longitudinal recording tends to destabilize the transition. e opposite is true in perpendicular recording. is can be easily understood by playing with a pair of bar magnets. At higher frequencies of the recorded pattern the larger magnetostatic contribution to the energy barrier in perpendicular recording allows for smaller grains or anisotropy. A nal bene t from perpendicular recording is due to the fact that the stray eld emanating from transitions is larger than in longitudinal recording. is can easily be calculated using a bar-magnetic model. is implies a larger reader response and larger change in voltage from the read element giving a larger electronic contribution to overall SNR. In the absence of the transition to this new technology, AD growth rates would probably have fallen well below the historical 40-50% enjoyed in recent years (Fig. 2) .
Energy Assisted Magnetic Recording
While perpendicular magnetic recording has been rmly established as the vehicle for mainstream mass produced disk drives, the trilemma is looming again. e requirement for smaller grain size in the media for good SNR, yet adequate thermal stability, is driving up the anisotropy of the media to the point where the recording process becomes marginal.
Beyond perpendicular magnetic recording, there are much more ambitious proposals being explored. Two of them can be classi ed under Energy Assisted Magnetic Recording (EAMR). In addition to a magnetic eld from the write pole, an additional source of energy assists in the recording process. e rst EAMR technology that is being explored in the HDD industry is Heat Assisted Magnetic Recording (HAMR) for application beyond 1 Tb/in 2 , 5) as illustrated in Fig. 4 . Due to the very small grain sizes, the medium anisotropy eld H K is expected to be on the order of 50 kOe. e reversal of the grain magnetization is facilitated through the application of heat. e temperature of the media is raised from ambient to about its Curie temperature. As the media cools the write eld 
Outlook
In order to achieve the approximate 40% compound areal density growth rate that the HDD industry has delivered over 
